for 1-2 ns and the resulting structure was used as the starting configuration for the next window. The weighted histogram analysis method was used to obtain the PMF from the biased simulation runs. Fig. 1(a) and 1(b) show the PMF between the dendrimers for the nonprotonated and protonated cases, respectively. At high pH conditions for which the dendrimers are charge neutral, the effective interaction between them is attractive for center-to-center distances exceeding a characteristic value. For distances smaller than this value, the PMF is repulsive because of the steric interactions between the dendrimer atoms. The strength of the attractive interaction, i.e. the energy released at the aggregation of two dendrimers, increases with the generation of the dendrimers. In the attractive region of the PMF, the dendrimer surfaces are in contact and interact with each other via the terminal groups 50 . So a possible reason for the stronger interaction between the higher generation dendrimers is the presence of a larger number of terminal amine groups at the dendrimer surface. In contrast to the nonprotonated case, at low pH when the terminal amine groups are fully charged (protonated), the effective interaction between the dendrimers is repulsive for all values of the center-to-center distance. To understand the origin of the attractive region in the PMF profile of nonprotonated dendrimer, we have calculated the change in dendrimer-dendrimer and dendrimer-solvent potential energy in this region. From the Fig. 2 (a), we observe that the dendrimer-dendrimer potential energy decreases while the dendrimer-solvent potential energy increases in this region. However, there is a net decrease in the total potential energy.
B. RESULTS AND DISCUSSIONS
We find that mostly the van der Waals interaction contributes in the total potential energy change (inset of figure 2(a)). 51 . Thus the van der Waals interaction is responsible for the attractive interaction between the nonprotonated dendrimers. Our result is consistent with the previous study 50 which predicted that the van der Waals interaction and hydrogen bonding are the dominant interaction between the nonprotonated (charge neutral corresponding to high pH) dendrimers. On the other hand, in case of protonated dendrimers (corresponding to neutral pH), the dendrimer energy increases as they approach each other ( figure 2(b) ).
This is due to the strong electrostatic repulsion between the dendrimers. The dendrimerion energy decreases due to the fact that larger number of ions is closer to the dendrimer units when dendrimers are close to each other. If the dendrimers are separated, the ions which are close to first dendrimer, remain at a larger distance from the second dendrimer.
Thus the magnitude of the dendrimer-ion potential energy is larger when the dendrimers are closer to each other. We observe that there is a net increase in the total potential energy as the protonated dendrimers approach each other. Note that the contribution of the van der Waals interaction to the total potential energy change is relatively smaller (inset of figure   2 (b)) which suggests that the electrostatic interaction has a significant contribution to the PMF between protonated dendrimers.
Our results are qualitatively consistent with those obtained by Tian et al. 43 . However, there is a quantitative difference between these two sets of results. Tian et al. found the energy released in the process of binding two nonprotonated (high pH) G4 PAMAM dendrimers to be ∼35 Kcal/mol and the equilibrium separation between the dendrimers to be 2.0 nm. In contrast, our simulation results predict a smaller interaction strength (∼8 Kcal/mol) and a larger value of the equilibrium distance (∼3.5 nm) for two G4 nonprotonated dendrimers. This difference may arise from differences between the models considered in the studies. Monomer-resolved coarse-grained simulations carried out by Tian et al. are unlikely to capture the microscopic details of terminal group fluctuations and formation of the hydration layer near the dendrimer surface which play an important role in the effective interaction. In contrast, our full atomistic simulations do capture these microscopic details and are expected to provide more accurate results.
We now consider the conformational changes in the dendrimer structure during the aggregation process. Instantaneous snapshots of the dendrimers when their centers of mass are coincident are shown in Fig. 3 . We observe a strong overlap between the dendrimers which suggests that they act as soft flexible molecules, rather than hard colloidal objects.
This observation is in agreement with previous coarse-grained simulation studies of interacting dendrimers 44 . When the dendrimers overlap, the branches of the dendrimers become intertwined with each other instead of simply interpenetrating. Because of strong steric interaction between the atoms, dendrimers open their branches (Fig. 3) , so that the branches of one dendrimer can wrap around the branches of the other. To confirm the intertwining of the branches, we have calculated the number of close contacts between the dendrimers.
The atoms of the first dendrimer which are within 3Å distance from any atom of the second dendrimer are considered to be in contact with the second dendrimer. The number of close contacts as a function of inter-dendrimer distance is shown in Fig. 4 . We observe that when the centers of mass of the dendrimers coincide, the number of atoms in close contact is significantly smaller than the total number of atoms. Had the dendrimers completely penetrated each other, the number of close contacts would have been much larger.
In given by
Clearly, the overlaps O(r) between two dendrimers do not follow the overlap between two spheres of radius equal to the R g of a dendrimer, which suggests that the penetration of two aggregating dendrimers is not similar to that of two homogeneously charged spheres of radius equal to the R g of a dendrimer. This result contradicts the behavior of O(r)
observed by Huißmann et al. 44 . They found a very good similarity between the overlap function of the dendrimers and that of the spheres of radius equal to the R g of the dendrimer and hence, concluded that the interacting dendrimers can be thought of as homogeneously charged spheres in a coarse-grained description. They argued that the branches of the dendrimers do not retreat when the dendrimers approach each other, as the distributions of the monomers still remain homogeneous within the spheres around the centers of mass of the dendrimers. However, from our atomistic simulation, we observe that the atoms belonging to each dendrimer do retreat as the dendrimers approach each other because of the strong electrostatic and steric interactions between the atoms. To get a quantitative measure of this distortion, we have calculated the asphericity factor δ of the dendrimers using the following definition:
where (I x , I y , I z ) are the eigenvalues of the shape tensor. The value δ = 0 and δ = 1 correspond to the cases where the atoms are in a spherical and in a linear configuration, respectively. In Fig. 5(b) , we observe that δ changes from a small initial value to a larger value as the distance between the dendrimers decreases, which clearly indicates that the dendrimers no longer remain spherical when they approach each other. Because of this deviation from spherical structures, the overlap function O(r) between the dendrimers is not similar to the overlap between two homogeneous spheres.
In the previous section, we have discussed the structural changes of the dendrimers when they strongly interact with each other. Now, we investigate the functional form of the PMF between the dendrimers. The functional form of the effective interaction between two dendrimers is of particular interest because it may help in developing a coarse-grained model to study systems containing many dendrimers. Likos et al. 41 proposed a theory for the effective interaction between dendrimers which is based on the monomer density profile of the dendrimers. Using a Flory-type argument, they derived a Gaussian effective interaction between a pair of G4 dendrimers given by
where N, v 0 , R and R g are the number of monomers, excluded-volume parameter, interdendrimer distance and radius of gyration of a dendrimer, respectively. Subsequently, employing Monte-Carlo and molecular dynamics simulations, they observed 42 that the effective interaction between dendrimers can be fitted by a sum of two Gaussian functions,
where ǫ 1 , ǫ 2 , α and γ are fitting parameters. We have fitted the PMF profiles of protonated dendrimers obtained from all atom simulation by both a Gaussian function and a sum of two Gaussian functions similar to equations 4 and 5, respectively. Fig. 6(a) sum of two Gaussian functions (equation 5) fits the PMF profile reasonably well ( Fig. 6(b) )
at relatively large center-to-center distances between the dendrimers. However, at strong overlap conditions (analogous to high density) when the dendrimers are very close to each other, a deviation between the PMF profile and the fitting function is observed. Interestingly, a sum of an exponential function and a Gaussian function fits the PMF profile extremely well throughout the interaction region. The PMF profiles of the protonated dendrimers are fitted by the following equation:
Similarly, the PMF profiles of nonprotonated dendrimers were fitted by the following equation: Table 1 . Larger values of ǫ 1 suggests that the exponential function dominates over the Gaussian function in the PMF profiles. This observation is contrary to the previous models 41,42 which predicted the nature of the effective interaction to be Gaussian. These models are based on the monomer density profile of a single dendrimer and are valid at low concentrations where the density profiles of interacting dendrimers remain nearly the same as the density distribution of a non-interacting dendrimer. However, at high concentrations, the dendrimers interact strongly with each other and their density distribution changes.
In the previous section, we have discussed the configurational changes that occur in the dendrimer structures as they interact with each other. We would also like to point out that the solvent may play an important role in the effective interaction. Thus, a realistic model of interacting dendrimers should include the effects of charges, solvent and changes in the structures (density distribution) as they approach each other.
To investigate the effect of salt concentration on the effective interaction between the dendrimers, we have calculated the PMF between two G4 dendrimers at 100 mM salt concentration. Protonated dendrimers have net positive charge. So the electrostatic interaction contributes significantly to the effective interaction between protonated dendrimers. So at high salt concentration, because of the screening effect, the strength of the repulsive interaction between the dendrimers diminishes which can be observed in Fig. 8(b) . To estimate the contribution of the electrostatic interaction in the effective interaction between the protonated dendrimers, we have fitted the protonated dendrimer PMF profile using the following equation:
where P MF (100 mM) and P MF (0 mM) represent the PMF between protonated dendrimers at 100 mM and 0 mM salt concentration, respectively. K −1 and a 0 are the Debye screening length and fitting parameter, respectively. We use K=0.104 corresponding to a Debye length of 9.6Å at 100 mM salt concentration and 300 K temperature. The first term in the equation 8 represents the non-electrostatic component which we assume to be unchanged at higher salt concentration. And the second term represents the electrostatic component which deceases exponentially at higher salt concentration due to screening. The best fitting (inset of figure 8(b) ) gives the value of the a 0 parameter to be 0.46. Thus we conclude approximately 54% contribution to the protonated dendrimer PMF comes from the electrostatic interaction between the dendrimers. Note that the fitting is reasonably well up to 10Å center-to-center distance. Beyond that distance, the fitting line deviates due to the fact that we have assumed non-electrostatic component does not change at higher salt concentration. However, non-electrostatic component also may change due to the structural change of the dendrimers at higher salt concentration.
In contrast, van der Waals interactions mainly contribute to the interaction between nonprotonated dendrimers. Thus we observe that the interaction strength at higher salt concentration remains almost same up to 25Å center-to-center distance ( figure 8(a) ). Beyond that distance, interaction strength increases which could be due to structural change of the dendrimers at high salt concentration. Note that the interaction strength at the attractive region remains almost same (inset of figure 8(a) ). This is due to the fact that in this region, van der Waals interaction is dominating force as we discussed before. Thus salt concentration has negligible effect on the attractive strength between nonprotonated dendrimers. As before, we have fitted the PMF by equations 6 and 7. Fitting parameters are given in Table 1 .
C. CONCLUSIONS
In summary, employing fully atomistic MD simulations, we have calculated the effective interaction between two PAMAM dendrimers. The PMF between the dendrimers depends strongly on the protonation level and the size of the dendrimer. There is a global minimum in the PMF profile of nonprotonated dendrimers which represents the attractive nature of the effective interaction for these dendrimers. We argue that the origin of this attractive region is due to the van der Waals interaction between the nonprotonated dendrimers. On the other hand, the effective interaction between protonated dendrimers are repulsive throughout the interaction region. Due to the net positive charges of protonated dendrimers, the electrostatic force between the protonated dendrimers is strong which makes these dendrimers to be repulsive even at a region where dendrimers do not overlap. It would be interesting to decrease the protonation level of the dendrimer gradually and to find out the critical value of the protonation level at which the attraction between the dendrimer arises. We plan to take up this work in our future study. The PMF profiles of the dendrimers are fitted very well by a sum of an exponential and a Gaussian function, with the strength of the exponential function much larger than that of the Gaussian function. Earlier studies using simplified models predicted the effective interaction to be Gaussian. However, we observe that charges residing on the dendrimers and atomic-scale fluctuations of the local density, which were not included in previous models, significantly contribute to the PMF and make its profile non-Gaussian. Our fully atomistic simulations provide important information regarding the strength and nature of the effective interaction between two dendrimers. We expect that this information will help towards developing a coarse-grained model to investigate the collective properties of systems of many dendrimers.
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